The derivation procedure of exact ground-states for the periodic Anderson model (PAM) in restricted regions of the parameter space and D = 2 dimensions using plaquette operators is presented in detail. Using this procedure, we are reporting for the first time exact ground-states for PAM in 2D and finite value of the interaction, whose presence do not require the next to nearest neighbor extension terms in the Hamiltonian. In order to do this, a completely new type of plaquette operator is introduced for PAM, based on which a new localized phase is deduced whose physical properties are analyzed in detail.
I. INTRODUCTION
The periodic Anderson model (PAM) is one of the basic models describing strongly correlated systems whose characteristics fit to be interpreted in a two-band picture 1 . The model is largely applied in the study of heavy-fermion systems 2 , intermediate-valence compounds 3 , or even high critical temperature superconductors 4 . In contrast however with other models used in the understanding of phenomena created by strong correlation effects, where at least in one dimension exact solutions exist (for example the Hubbard model 5 ), the physics described by PAM is almost exclusively interpreted based on approximations. This is due to the fact that only few results are exactly known about the behavior of PAM.
Indeed, what we know about the physical behavior of PAM in rigorous terms can be summarized as follows: The first results, related to the ground-state of decorated hypercubic lattices in the limit of infinite interaction strength has been provided by Brandt and Giesekus 6 followed by a non-magnetic ground-state restricted to 1D and on-site repulsion U = ∞ case obtained by Strack 7 . This solution has been extended to D = 2, 3 as well, at U = ∞ 8, 9 . Again for infinite on-site Hubbard repulsion has been demonstrated that at quarter filling the ground-state is unique with a defined total spin 10 . It has been also underlined that the model becomes solvable in the case of constant and infinite range hopping 11 . We further know, that for only on-site hybridization and without direct hopping in the correlated band: the symmetric half-filled case is spin-singlet 12 and in 1D also pseudo-spin singlet 13 , at half filling anti-ferromagnetic correlations are present 14 , and in 1D,2D long-range order of ferro, anti-ferro and pairing type is absent 15 . Recently have been published the first exact ground-states at finite U in 1D 16, 17 and 2D 18 , respectively. Concerning 2D, the reported ground-states 18 require next to nearest-neighbor (NNN) one-particle terms as well in the Hamiltonian (Ĥ), and from the obtained solutions, especially the physical properties of the itinerant one has been described in detail.
The deduction of exact ground-states in D = 2 dimensions is of large interest in general, and for strongly correlated systems in special. In the case of PAM, at finite and nonzero value of the interaction, the only one procedure doable working at the moment in this respect, is based on plaquette operators introduced in Ref. 18 , and a decomposition of the on-site Hubbard interaction as described in Ref. 16 . During this procedure,Ĥ is such transformed to contain in a positive semidefinite form products of plaquette operators. Since in 2D the product of plaquette operators generates NNN one-particle terms as well, the general impression created by the method suggests that the applicability of the procedure is intimately connected to NNN contributions in 2D, and the deduced exact ground-states are fingerprints of this fact.
In this paper, presenting for the first time exact ground-states for PAM in 2D at finite value of the interaction, in restricted regions of the parameter space and without NNN type of extension terms inĤ, we demostrate that the plaquette operator procedure and the ground-states deduced with it are not necessarily connected to the presence of NNN extensions inĤ. In order to clarify these aspects (i) the plaquette operator technique is analysed in detail in general terms and 2D, (ii) a completely new type of plaquette operator is introduced which allows the deduction of the presented results, (iii) the obtained new localized exact ground-state is analyzed and described in detail, and (iv) implications of the results relating the metal-insulator transition in frame of PAM are presented.
The deduced new ground-state is a completely localized state. In order to characterize this phase, after obtaining the exact ground-state, all relevant ground-state expectation values and correlation functions have been exactly calculated and analyzed. The obtained state is paramagnetic, and based on a coherent control which it has on the occupation number of all lattice sites, it introduces long-range density-density correlations into the system, producing a localized state.
Concerning implications to physical systems, we mention the intense activity in the field related to the understanding of the metal-insulator transition (MIT) in frame of PAM. The subject has an almost 30 years of history 19 , and gained renewed interest in the last period based on the observed MIT similarities between the Hubbard model and PAM, used for example in the understanding of the iso-structural electronically driven MIT transitions (like the γ → α transition in Ce compounds) [20] [21] [22] [23] [24] [25] . Since the exactly deduced ground-state energy values presented in this paper are not containing exponential factors characteristique to Kondo type of behavior, the results reported here underline that at least in some regions of the parameter space, a localization-delocalization transition in frame of PAM is not necessarily connected to Kondo physics.
The remaining part of the paper is structurated as follows: Section II. presents the Hamiltonian we use, Section III. describes the plaquette operator technique, Section IV.
presents the transformation of the starting Hamiltonian into a new expression containing plaquette operators, Section V. describes the detected new exact ground-states, Section VI.
concludes the paper, and Appendices A.-D. containing the mathematical details of the starting points of the paper close the presentation.
II. THE EXPRESSION OF THE HAMILTONIAN.
We start with a generic PAM Hamiltonian written for 2D square lattice aŝ
where, the contributing terms in order, are representing the kinetic energy of d electrons (T d ), the kinetic energy of f electrons (T f ), the on-site f electron energy (Ê f ), the hybridization (V ), and the on-site Hubbard interaction written for f electronsÛ = UÛ f , the last contribution representing the interaction term, and U > 0 being considered during this paper.
The presence ofT f inĤ is motivated by the overwhelming evidence, that the heavy-fermion materials contain in their real band structure around the Fermi level (E F ) very narrow, hybridized bands, which exist already at temperatures far above the thermodynamically determined Kondo temperature, being relatively T independent and holding an accentuate f character 26 .
The interaction term during this paper is exactly transformed in the form
where, the positive semidefinite operatorP
(2) requires for its lowest zero eigenvalue at least one f electron on every lattice site 16 . As will be clarified in Section V., the representation presented in Eq.(2) is a key feature from the point of view of the interaction term in the process of the deduction of exact ground-states in the frame presented here.
The hybridizationV is considered to be build up from a localV 0 , and a nonlocalV nl contribution,V =V 0 +V nl . Thus, the local one-particle terms of the Hamiltonian areÊ f andV 0 whose expressions becomê
The non-local one-particle contributions remain to be presented. In order to make the notations clear, instead of the site-numbering notation (i) we use here the i vectorial notation for the lattice sites. The kinetic energy contributionT =T d +T f thus is given bŷ
and the non-local hybridization becomeŝ
The notation of the non-local hybridization matrix elements by the superscripts (df ) and (f d) is given by mathematical convenience, and through the paper
will be considered. We note that at the level of one-particle contributions,Ĥ, and as a consequenceT andV nl , contain at the start all contributions entering in an elementary plaquette (unit cell for the system) 27 . In these circumstances, for both Eqs. (4, 5) , it is important that r to be rigorously defined. This is because (i) we would like to represent different contributions correctly in term of plaquette operators, and (ii) we must avoid multiple counting of different terms entering in the expression ofĤ. For this reason, we mention that for a given lattice site, taking into account nearest neighbor (NN) and NNN contributions as well (these will be present in an elementary plaquette), 8 hopping possibilities exist. From these, only 4 are taken into account explicitly by r , and, the remaining 4 contributions are introduced into the Hamiltonian by the H.c. operation. In these conditions, the defined 4 different r contributions entering in r are
where a is the lattice constant, and x 1 , x 2 , are the versors of the Ox, Oy axis, respectively.
The hopping and hybridization matrix elements generated by the contributions from Eq. (7) are represented for clarity in Fig. 1 . Also for clarity, the explicit expressions ofT andV nl from Eqs. (4, 5) are presented in Appendix. A.
In the case of concrete materials, the NNN one-particle contributions are small, and as a consequence are often neglected. Furthermore, it is important to know in rigorous terms if NNN contributions are introducing small corrections into the results or are able to provide qualitatively new effects. In the case of PAM, which is in a relatively early stage of its exact description, this issue must be also clarified. Because of this reason, during this paper, even if we start with NNN terms inĤ for technical reasons, we try to obtain exact ground-state solutions for PAM in the absence of NNN contributions as well. This task is also enhanced by the aim to extend the potential possibilities of the plaquette operator procedure we use.
Starting from these motivations, we are reporting in this paper for the first time exact ground-states for PAM in 2D at finite and nonzero U, in the absence of NNN extension terms inĤ.
In order to be able to obtain exact ground-states in D = 2 dimensions for the PAM Hamiltonian presented in Eq.
(1), we use a plaquette operator procedure which will be described in details in the following Section. Concerning the method itself, in our knowledge, it is used now for the second time (see also 18 ), and other methods in obtaining exact ground-states for PAM in D = 2 dimensions are not known at the moment. In principle, the procedure can be applied for other model Hamiltonians as well containing itinerant degrees of freedom. Let us consider a 2D finite N Λ = N L × N L square lattice, with lattice constant a. In order to identify the lattice sites, we are numbering them by i starting from the left-down corner, taking into account first the lowest row, and inside a row counting from left to right (we mention that for a vectorial position notation we are going to use i instead of i, when this is necessary). For example, in the simple case of N L = 4, we obtain the lattice site numbering presented in Fig. 2 . As can be seen in this figure, we are denoting by P i the elementary plaquettes. Using this notation, we start from the lowest elementary plaquette row, counting from left to right inside a row, and then going upward with the notation.
Taking periodic boundary conditions into account in both directions, the number of plaquettes becomes equal to the number of lattice sites N Λ . In this case, it is advantageous to denote every plaquette P i by its down-left corner j, as p j . Concerning the notation of a plaquette through its down-left corner, for clarity we mention that for example, in Fig. 2 ., the plaquette P 5 defined by the lattice sites (6, 7, 10, 11) becomes p 6 , or, the plaquette P 7, defined by the lattice sites (9, 10, 13, 14) becomes p 9 , etc.
Let us now consider for pedagogical reasons, someĉ † i fermionic operators creating particles on lattice sites within the system. In general, theĉ i operators can be labelled also by a supplementary α index which contains all relevant quantum numbers as well (in the case of PAM, α = (σ, g), where σ =↑, ↓ denotes the spin, and g = d, f the type of particle). In this Section, being interested in the presentation of the method, we are neglecting the α index for simplicity. If the reader understands how the procedure works, the presented relations can be easily generalized forĉ i,α as well.
Using theĉ i operators, plaquette operators can be constructed by a linear combination ofĉ i acting on the corners of an elementary plaquette. We are denoting the coefficients of this linear combination by a p,i,c , where p denotes the plaquette, i labels a given corner of the plaquette p analyzed, and c denotes the type of operator considered (this becomes the α index whenĉ i,α is used instead ofĉ i ), respectively. For example, in case of the plaquettes p(i1) and p(i1 + 1) from Fig. 3A . we obtain
Working with plaquettes, we must observe that all one-particle contributions of a given
Hamiltonian can be obtained starting from plaquette operators. For example, let us consider the hopping matrix element connecting the nearest-neighbor lattice sites (i1 + 1, j1 + 1) from
.). This Hamiltonian contribution
can be obtained for example, from the expressionÂ † i1Âi1 +Â † i1+1Âi1+1 . Indeed, we havê
where, the operatorÔ concentrates all the other terms obtained from the left side of Eq.(9).
The operatorÔ will not be neglected in our considerations. It contains 30 terms that can be easily calculated from Eq.(8) (see also Appendix B.). The important aspect here, which must be keeped in mind, is thatÔ do not contains contributions entering inT i1+1,j1+1 . Otherwise, the concrete expression ofÔ is not important at the moment. The relation from Eq. (9) is
creates the term (a *
) is not present in other elementary plaquettes, even if we take into consideration all the plaquettes from the whole lattice in a sum of the form iÂ † iÂi , the hopping matrix element t c i1+1,j1+1 becomes unambiguously expressed as
The obtained Eq. (10) shows that the Hamiltonian parameters (at least the one-particle once in the present case), can be expressed in term of plaquette operator parameters if we succeed to express the corresponding Hamiltonian terms into a sum of the form iÂ † iÂi .
Similarly, the next-nearest-neighbor hopping amplitude for the (i1, j1 + 1) hopping from the plaquette p(i1) of Fig. 3A ., contained in the Hamiltonian
In Eq.(11) only the plaquette operator productÂ † i1Âi1 contributes, because, the NNN hopping described byT i1,j1+1 is contained only in the plaquette p(i1). These examples illustrate that plaquette operators can be extremely useful in the study of different model HamiltoniansĤ, since as seen from Eq. (9), different emerging contributions inĤ can be represented in diagonal, or positive semidefinite form via the operatorsÂ i . As can be observed from Eqs. (10, 11) , a such type of representation in term of plaquette operators, from the point of view ofĤ parameters, simply means a parametrization in term of plaquette operator coefficients a p,i,c . For this to be possible, the plaquette operator products summed up over lattice sites of the form iÂ † iÂi (i) must generate terms present inĤ, or (ii) must generate terms that are constants of motion (for example total number of particles, or lattice sites), or (iii) must generate terms that can be cancelled out if the (i) and (ii) conditions cannot be applied. We will return back to this problem after presenting the new plaquette operators defined in this paper (see after Eq. (17)), and the following Section exemplifies in detail a such type of transformation.
When the one-particleĤ parameters are not local (for example t 
the parameters a p,i,c of different plaquette operators are not independent. In the case of translational invariant Hamiltonians, we can chose for example translational invariant plaquette operator parameters as illustrated by Fig. 3B . Denoting the sites inside a given plaquette starting from the down-left corner and counting anti-clockwise, the corners of the plaquette p(i1) (and p(i1 + 1)) in Fig.3B ., will be denoted by n (and m), respectively. Given by the considered translational invariance of plaquette operators, the plaquette operator parameters of the plaquettes p(i1) and p(i1 + 1) with n = m = τ equal indices will have the same value a τ,c , τ = 1, 2, 3, 4. This property is extended as well to all plaquettes. In the examples contained in Fig. 3B ., the plaquette operatorsÂ i1 ,Â i1+1 become in this casê
From Eqs. (10, 12, 13) , the unique NN hopping matrix element in y direction of c particles, based on Eq.(10) becomes
and, from Eqs. (11, 13) , the unique NNN hopping of the same particles along the main diagonal of every elementary plaquette will be described by
Similarly, all one-particle Hamiltonian matrix elements can be expressed in term of plaquette operator parameters. When the so obtained equations (as Eqs. (14,15)) allow solutions for the plaquette operator parameters (this is possible usually in a restricted parameter space region P H determined by the values ofĤ parameters), the one-particle part of the Hamiltonian can be expressed via iÂ † iÂi (see Eq. (9)). Based on these relations and using for example properties related to positive semidefinite operators, the Hamiltonian of the system can be diagonalized exactly, at least for the ground-state, inside P H .
After testing this method in 1D 16, 17 (using bonds instead of plaquettes), a such type of procedure has been recently used by us 18 in order to provide the first exact ground-state wave-functions for the periodic Anderson model in 2D in restricted regions of the parameter space. This has been done by choosingĉ i =d i,σ ,f i,σ for d, f electrons with fixed spin in PAM, and defining based on this choice, theÂ i,σ spin-dependent plaquette operators containing spin-independent a n,g parameters with g = d, f , n = 1, 2, 3, 4 as follows (the example is taken for the plaquette p(i1) of Fig. 3B .)
The obtained ground-state solutions based on Eq.(16) were connected to 3/4 filling 18 , and are highly non-trivial states. One of them is a completely localized state, and the second one is itinerant, with the momentum distribution function for the half-filled upper diagonalized band as shown in Fig. 4 , presenting a clear evidence of (exactly deduced) nonFermi liquid behavior in normal phase and D = 2 spatial dimensions. This shows that the procedure detects ground-states which are far to be trivial. However, the inconvenience of the plaquette operator from Eq. (16) is that via i,σÂ † i,σÂi,σ it creates NNN terms, these must be present inĤ as well, so the deduced ground-states, and the procedure itself, seem to be related to the presence of NNN extensions in the Hamiltonian. We present below how this inconvenience can be removed.
For this reason, we must observe, that the choice of the operatorsĉ i in Eq. (13) A i andB i . Each of these has different plaquette operator parameters a n,g,σ and b n,g,σ , n = 1, 2, 3, 4, g = d, f , σ =↑, ↓. Furthermore, both plaquette operatorsÂ i andB i are containing both spin components with different numerical prefactors, i.e. a n,g,σ , b n,g,σ are considered independent, and σ dependent. Exemplifying the new form for the case of the plaquette p(i1) of Fig. 3B ., where i denotes the vectorial position of the site i1, the newÂ i operator is defined aŝ
Similar expression is used for theB i operator as well for the same plaquette p(i1), in which, the plaquette operator parameters are considered b n,g,σ , instead of a n,g,n . Note the plaquette independent values of the a n,g,σ and b n,g,σ parameters, which, as explained in this Section, is given by the translational invariance of the considered system.
Comparing Eq. (16) and Eq.(17), we realize that theÂ i,σ plaquette operators for both σ =↑, ↓ values have 8 independent a n,g parameters, while in the present case, for botĥ A i ,B i operators, the number of independent plaquette operator parameters is 32. This enlargement of the number of parameters give us the possibility to demonstrate that the described procedure is able to detect also ground-states whose presence do not require the 
if, the hopping and hybridization matrix elements are related to the parameters of the plaquette operatorsÂ i andB i via
where the non-linear system of equations from Eq. (19) is presented explicitly in the Appendix. C., and g = d, f . These equations arise as Eqs. (14, 15) in Section I. The system of equations Eq.(19) must be considered as containing knownĤ parameters (t g r , V r ), and unknown plaquette operator numerical prefactors (a n,g,σ , b n,g,σ ). In fact, a simple (but lengthy) algebraic calculation shows that Eq. (18) We underline that since the structure of plaquette operators used in this paper (see Eq. (17)) is completely different from the structure of the plaquette operators from Eq. (16) (in that case, instead of Eq.(19), we have 17 equations presented in Eq. (9) of Ref. 18 , containing 16 unknown variables), the problem set up here, from mathematical point of view, is completely different from that analysed in our previous work.
We also note that as can be seen from Appendix B, iÂ † iÂ i introduces (↑, ↓) like terms as well, which are missing from the Hamiltonian. Because of this reason we need a second plaquette operator product iB † iB i , whose role is exactly to cancel out these supplementary terms not present inĤ, Eq.(1). Furthermore, the presence of iB † iB i allows also to cancel out the NNN terms created by iÂ † iÂ i . Via Eq. (18), this give as the possibility to expresŝ H through i (Â † iÂ i +B † iB i ) even in the absence of NNN terms in the Hamiltonian, and to obtain ground-state wave-functions in this case as well.
Using now Eqs.(2,3), we havê
where, the positive semidefinite operatorP ′ has been defined in Sec.II. Adding Eq. (20) to Eq.(18) and using for the plaquette operators the anti-commutation property presented in Eq.(B2), we find
where, the introduced constants are defined by
n=1 (|a n,g,σ | 2 + |b n,g,σ | 2 ), and the particle number operators byN g σ = in g σ , with g = d, f . Imposing the relations
the expression ofĤ from Eq.(21) becomes
Since we are working at fixed number of particles N, from Eq.(23) we obtain
whereP for U > 0 is a positive semidefinite operator defined bŷ
and the number E g is given by
The transformation of Eq. (1) into Eq. (24) is possible only if the system of equations Eqs. (19, 22) allows solutions for the plaquette operator parameters. The presence of these solutions will be possible only on restricted domains P H of the parameter space of the problem given by the inter-dependences between theĤ parameters mentioned below Eq. (19) . As a consequence, the solutions that will be presented below are valid only in this P H region.
V. EXACT GROUND-STATE WAVE-FUNCTION SOLUTIONS.
In this Section we are presenting first the derivation of the exact ground-states, then we discuss the possible solutions for the plaquette operator parameters, and finally, we analyse in extreme details the solution obtained for zero NNN contributions.
A. The derivation of the exact ground-states.
Starting from Eq.(24), taking into account thatP is a positive semidefinite operator, we realize that the ground-state ofĤ =P + E g is the wave function |Ψ g , for whichP |Ψ g = 0.
To find |Ψ g , we have to keep in mind Eq.(25) which definesP . Given bŷ
we observe that the plaquette operator part of Eq.(25) applied to iÂ † iB † i gives zero. Furthermore, sinceP ′ requires for its zero (and minimum) eigenvalue at least one f -electron on every lattice site, we add to the ground-state the contributionF µ = i (µ i,↑f † i,↑ + µ i,↓f † i,↓ ), where µ i,σ are arbitrary coefficients. As a consequence, the ground-state with the propertŷ P |Ψ g = 0 becomes
where, |0 is the bare vacuum with no fermions present. The product in Eq. (28) . This is possible only if we are situated inside the region P H of the parameter space, i.e. the system of equations Eq.(19) detailed in Appendix C. allows solutions for the plaquette operator parameters, in conditions in which also the constrains from Eqs. (6, 22) hold. In the remaining part of the paper we will concentrate on these possible solutions.
We underline, that |Ψ g presented in Eq. (28) describes rigorously only the U > 0 case, since the presence of theF µ operator into the ground-state is required only by the non-zero U value. As a consequence, the ground-state at U = 0 cannot be expressed in the form presented in Eq. (28) . We emphasize that the differences between Eq. (28) The solutions for the plaquette operator parameters which lead to the ground-state |Ψ g must be obtained solving together Eqs. (6,22,C1 ). These taken together represent 74 nonlinear complex-algebraic coupled equations, so a relatively difficult mathematical task.
A study of the next-nearest neighbor contributions entering in Eq.(C1) shows that the solutions exist only if the following inter-dependences are present between the plaquette operator parameters
where, x σ , y σ are complex, finite, nonzero, otherwise arbitrary parameters defined by the ratios presented in Eq. (29) . Using Eq.(29), the studied system of equations can be completely transcribed for the b n,g,σ unknown variables with n = 1, 2, 3, 4; g = f, d; σ =↑, ↓ (the a n,g,σ parameters being given through b n,g,σ via Eq. (29) Starting from this moment, we must solve the system of equations presented in Appendix D.
We have found for the system of equations Eqs.(D1,D2) several mathematical solutions, which will be briefly presented below. This case merits however attention in the future, since it allows to study at the level of exact ground-states (taken in the form of Eq. (28)) the modification of the 1D properties to 2D
characteristics by taking into account small and smooth deviations from the x = y condition.
c) The third solution that we have found was deduced in x ↑ = x ↓ = x, y ↑ = y ↓ = y, and x = y case. This solution will be presented here in details, since presents a 2D ground- Herewith, we analyze in detail the solution c) described above requiring x = y. This emerges at
so it describes a ground-state wave function for PAM not containing in its Hamiltonian NNN extension terms. A such type of exact ground-state in 2D at finite nonzero value of the interaction is presented for the first time in this paper.
Solving for the plaquette operator parameters the system of equations Eqs.(D1,D2) we have found
The conditions imposed for the parameters entering in Eq.(31) are xy
Together with Eq.(31), the nonzeroĤ parameters become
The R n , n = 1, 2, 3 factors present in this relation are given by
We further mention, that the obtained solution, for y = z 1 = τ 1 and x = τ 2 reduces to the isotropic case, where
The ground-state wave function from Eq. (28) In average, the number of f -electrons per site becomes
where, x = p f /p d and we have Excepting the small number of sites with double f -electron occupancy, the local f -moments are not compensated. In fact, definingm
, where as presented before, µ i,σ are arbitrary.
Concentrating on the magnetic properties of the ground-state, the total spin of the system can be standardly expressed via
Calculating the ground-state expectation values, we find
Taking now two extremum {µ i,σ } distributions, a) for µ i,↑ = µ ↑ , µ i,↓ = 0, we find ground-state with maximum value of S 2 . As a consequence, in order to find orthogonal wave-functions that belong to the ground-state, the µ i,σ coefficients cannot be chosen completely random and independent. Also the normalization to unity of |Ψ g (loc) represents a constraint to the value of these coefficients. Neglecting the trivial multiplicity obtained from the spatial orientation of the total spin S, the degree of the degeneration of the ground-state
The spin-spin correlation functions can be also calculated, and for i = j we obtain in the case of a fixed {µ i,σ } set
Since, as shown before, the µ i,σ coefficients are not completely independent, the spin-spin correlations given by Eq. The non-local nearest-neighbor hybridization matrix element in the isotropic case is related to hopping matrix elements by (
In the anisotropic case this relation
Modifying the values of hopping or/and hybridization matrix elements, we can leave P H , destroying the ground-state character of |Ψ g (loc) . This process can be tuned by pressure which strongly influences the t r , V r parameters (see for example Ref. ( 29 )). Since the reduction of Eq.(28) into the completely localised |Ψ g (loc)
from Eq.(34) it is itself based on a delicate balance betweenĤ parameters (contained in Eqs.(32)), the loss of the localization character of particles in principle can be easily achieved.
This localization-delocalization transition represents in fact a MIT transition provided by PAM. Since the exactly deduced ground-state energy do not contains the exponential term characteristic for a Kondo type behavior (see for example the discussion presented in Ref. ( 2 )), a such type of MIT transition cannot be connected to Kondo physics. Instead, the MIT transition connected to the destruction of the localized |Ψ g (loc) ground-state is related to the break-down of the long-range density-density correlations.
VI. SUMMARY AND CONCLUSIONS
We are presenting for the first time exact ground-states for the periodic Anderson model (PAM) at finite U in D = 2 dimensions in the case in which the Hamiltonian does not contain next to nearest neighbor (NNN) extension terms. For this reason, and based on this frame (i) The used plaquette operator procedure is presented in detail and it is underlined that its applicability is not connected to the presence of NNN extension terms in the Hamiltonian.
We underline that this is the only one procedure known at the moment, which is able to provide exact ground-states for PAM in D = 2 dimensions and finite U interaction values.
(ii) A new plaquette operator has been introduced for the study of the PAM Hamiltonian. 
For theB i plaquette operators the Eqs.(B1,B2) hold as well by changing the coefficients a n,g,σ to b n,g,σ , where g = d, f .
APPENDIX C: THE NONLINEAR SYSTEM OF EQUATIONS.
The explicit expression of the system of equations Eq.(19) containing 70 equalities is presented below in condensed form. The used abreviations are g, g ′ = d, f , σ =↑, ↓, and 
